Introduction
[2] Cratons are the ancient (Precambrian) cores of continents that have, for the most part, remained tectonically quiescent over billion year timescales. The lithospheric mantle roots beneath cratons are found to be thicker and more refractory, that is melt-depleted, than most Phanerozoic lithospheres [e.g., Hawkesworth and Norry, 1983; Jordan, 1978; Menzies and Hawkesworth, 1987; Nixon, 1987] . These depleted mantle roots, together with the overlying crust, are thought to be chemically buoyant and strong enough to resist convective disruption on billion year timescales [Doin et al., 1997; Griffin et al., 1999 Griffin et al., , 2003 Jordan, 1975 Jordan, , 1978 Lee et al., 2005; Lee, 2006; Lenardic and Moresi, 1999; Lenardic et al., 2003; Pearson et al., 1995; Pollack, 1986; Sengor, 1999; Shapiro et al., 1999] . Part of this lithospheric strength is attributed to the cooler thermal state of cratons [Jordan, 1978; Pollack, 1986] , but cool temperatures alone are insufficient to prevent disruption by mantle convection over prolonged geological time as thermal reequilibration should also occur within billion year timescales. Cratonic mantle roots may also be intrinsically strong because they were dehydrated during melt depletion, resulting in a dry residue compared to the ''damp'' fertile mantle making up most of the mantle [Hirth and Kohlstedt, 1996; Hirth et al., 2000; Hirth and Kohlstedt, 2004; Pollack, 1986] . Rock-deforming experiments show that the plastic strength of olivine aggregates dramatically decreases in the presence of H + [Chopra and Paterson, 1984; Hirth and Kohlstedt, 1996; Kohlstedt et al., 1995; Mackwell et al., 1985; Mei and Kohlstedt, 2000] . If dehydration does enhance lithospheric strength and ensure longevity, the question that arises is whether cratonic mantle can ever be rehydrated, and if so, whether such rehydration can ultimately lead to weakening or even destabilization of the lithosphere. Is cratonic mantle forever, or can it be recycled?
[3] One place bearing potential for answering the above question lies within the North American Cordillera. Despite the fact that much of this region is underlain by Proterozoic to Archean basement [Bennett and DePaolo, 1987] , the region has been affected by a $1500 km wide belt of intracontinental deformation associated with Mesozoic Farallon plate subduction and Cenozoic extension [Dickinson and Snyder, 1978; Dickinson, 2004; Humphreys et al., 2003; Saleeby, 2003] . The Colorado Plateau, being largely undeformed, has for the most part represented an ''island'' of tectonic stability nestled within the Cordilleran orogenic belt. This suggests that the plateau lithosphere has been rheologically strong. Indeed, calculated equilibration pressures of Eocene-hosted mantle xenoliths indicate that the plateau was once underlain by a cold, refractory root extending to depths of > 150 km, not much thinner (<50 km) than the lithosphere presently underlying the undeformed part of the North American craton beneath the Great Plains to the east [Ehrenberg, 1982a [Ehrenberg, , 1982b Lee et al., 2001b; Riter and Smith, 1996; Smith, 2000; West et al., 2004] . Thus, the Colorado Plateau's tectonic stability seems to be related to the fact that its underlying mantle root originally had some characteristics of typical stable Archean cratonic mantle. The problem, however, is that seismic studies associated with the RISTRA array [e.g., West et al., 2004; Wilson et al., 2005] suggest that the plateau lithosphere is now between $120 and $150 km thick [West et al., 2004] and thus obviously thinned. What allowed the Colorado Plateau lithosphere to be thinned? One hypothesis is that the basal part of the lithosphere was replaced by asthenosphere due to rifting along the Basin and Range province or Rio Grande valley [West et al., 2004] . Another hypothesis is that the lithosphere was hydrated and consequently weakened and thinned [Dixon et al., 2004; Humphreys et al., 2003; Lee, 2005] . Introduction of water beneath this region has Figure 1 . Sample localities and measured water contents (ppm H 2 O) in olivine (ol) using FTIR. At the bottom, the average water content in olivine from each sample locality is compared to the inferred olivine water contents for mid-ocean ridge basalt (MORB) mantle source S MORB and the ocean island basalt (OIB) mantle source S OIB whose whole rock water contents were taken from Hirschmann [2006] . Olivine water contents of MORB and OIB sources were calculated assuming a peridotite stoichiometry of $60% olivine, $30% orthopyroxene, and $10% clinopyroxene and using the partitioning coefficients of Aubaud et al. [2004] , revised according to the FTIR-SIMS intercalibration by Aubaud et al. [2007] . DH, Dish Hill (open squares); GC, Mount Trumbull (open triangles); LVT, Vulcan's Throne (solid triangles); SC, San Carlos (open diamonds); TH, The Thumb within the Navajo volcanic field (solid circles). Also shown are the outlines for the Basin and Range, the Colorado Plateau, and the estimated eastern limit of Cordilleran orogeny (the dashed black curve) based on topography.
been suggested to have occurred during the late Mesozoic to early Cenozoic when the Farallon plate was undergoing low-angle subduction and may have released slab-derived fluids into the overriding North American lithosphere [Dixon et al., 2004; Humphreys et al., 2003; Lee, 2005; Smith et al., 1999; Smith, 2000; Smith et al., 2004; Smith and Griffin, 2005] . However, most evidence supporting the above rehydration hypothesis come from trace element systematics and the presence of hydrous phases in lavas and a few peridotite and eclogite xenoliths. Few systematic studies exist [e.g., Bell and Rossman, 1992; Grant et al., 2007a; Mosenfelder et al., 2006] on actual water contents in mantle xenoliths from western North America [see Dixon et al., 2004] that might provide further insight into rheologic structure and evolution of this region.
[4] This paper presents new evidence for lithospheric mantle hydration with measurements of water in nominally anhydrous minerals (NAMs), such as olivine and pyroxene, in mantle xenoliths from the Colorado Plateau and the surrounding Basin and Range. We then explore issues such as the nature of the hydration fluids and hydration time in the context of regional tectonics and the trace element geochemistry of mantle xenoliths and lavas in western United States. We finally discuss the implications of subduction-induced hydration for the lithospheric evolution of western North America and beyond.
Study Area and Sample Description
[5] Seventeen peridotite xenolith samples from five localities representing a $500 km long transect from of the Mojave Desert to the center of the Colorado Plateau were analyzed (Figure 1 ).
[6] Samples from the Pliocene Dish Hill alkali basalt cinder cone (DH) in the Basin and Range include one coarse-grained (1 to 3 mm) harzburgite (DH98 -25) and one fine-grained ($0.1 to 1 mm) lherzolite (DH98 -30). The former is relatively undeformed, but the latter is highly foliated and contains large orthopyroxene porphyroblasts. Both xenoliths are fresh and show no evidence for weathering.
[7] Xenoliths from the Quaternary Grand Canyon Uinkaret volcanic field (on the west margin of the Colorado Plateau) are subdivided into two groups, the Grand Canyon (GC) group (5 samples) and the Vulcan's Throne (LVT) group (4 samples). The GC xenoliths are composed of dominantly coarse-grained ($2 to 6 mm) harzburgites characterized by high modal orthopyroxene content (Table 1) ; orthopyroxenes commonly show partly resorbed inclusions of olivine [Smith et al., 1999] . The LVT group are also coarse-grained ($1 to 5 mm) harzburgites but are distinctive in that they have a high population of fine-grained spinels.
[8] The two xenolith samples from the Pliocene San Carlos alkali basalt lava flow (SC) just off the south margin of Colorado Plateau in the southern Basin and Range are coarse grained ($1 to 5 mm) harzburgites composed of extremely fresh olivine and pyroxenes.
[9] Another four samples hosted by minettes are from the Eocene [Roden et al., 1988] Navajo volcanic field (TH, Thumb) in the center of the Colorado Plateau, including one garnet lherzolite (TH3), one garnet harzburgite, one spinel lherzolite and one spinel harzburgite. All four Navajo xenoliths show various extents of alteration on mineral Bell et al. [2003 Bell et al. [ , 1995 . Measured water contents for samples KBH-1 and BCN201B are compared to the originally reported values [Bell et al., 1995; Peslier and Luhr, 2006] . Abbreviations are ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; spl, spinel; grt, garnet. R H 2 O ol/cpx , ratios of olivine water contents to clinopyroxene water contents;
, ratios of clinopyroxene water contents to orthopyroxene water contents. Samples from previous studies, values in parentheses represent the originally reported water contents [Bell et al., 1995; Peslier and Luhr, 2006] . c Either A a or A b is calculated based on the A a /A b ratio of another sample from the same group. grain boundaries (indicated by the presences of Fe oxides and/or serpentine) but mineral cores are mostly optically clear and hence largely unaffected by alteration.
Methods

Sample Preparation and Fourier Transform Infrared Spectroscopy Analysis
[10] Central portions of peridotite xenoliths were wrapped in several sheets of paper and gently crushed (to maintain grain integrity). Around 30 grains of olivine, clinopyroxene and orthopyroxene (respectively) from each xenolith sample were handpicked under optical binoculars. Picked mineral grains were ultrasonically bathed in ethanol and dried at temperatures up to 85°C overnight. The mineral grains were subsequently imbedded in epoxy, and doubly polished sections of $50 to 300 mm thick were prepared by hand polishing using alumina powder (to 0.5 mm fine). After thin sections were cleaned with deionized water and ethanol, the mounted mineral grains were carefully examined under the petrographic microscope to check for fractures and inclusions and to identify crystallographic orientations (based on interference figures). Grains optically free (or with a low population) of fractures and inclusions were chosen. Of these, those that contained surfaces perpendicular to the optic normal (ON), acute bisectrix (Bxa) or obtuse bisectrix (Bxo) directions were identified and their crystallographic orientations were recorded. Grain thicknesses were measured by focusing on each grain's polished surfaces using a petrographic microscope, which was calibrated with a digital micrometer. Before Fourier transform infrared (FTIR) spectroscopy analysis, the mounted sections were again cleaned using deionized water and ethanol, dried up to 85°C overnight, and stored in a tightly sealed desiccator.
[11] Polarized infrared (IR) spectra (absorbance between wave numbers 650 and 4000 cm À1 ) of each suitably oriented mineral (with the electric vector E parallel to each optical indicatrix index a, b, and g) were collected in the Department of Earth Sciences at Rice University using a Nicolet 4700 FTIR spectrometer attached to a Continuum Microscope which was equipped with a KBr beam splitter and a ZnSe infrared polarizer. In most cases, 250 scans using an aperture size of 100 Â 100 mm were performed during each measurement (500 scans were made for San Carlos olivines because of their low signal to background ratios). To minimize interference from atmospheric H 2 O, the IR beam path as well as the sample stage was enclosed in an environmental chamber continuously purged with nitrogen, and a new background spectrum was collected every 10 min. Spectra were normalized to 1 cm thickness and the absorbances from the silicate matrix were manually subtracted using a baseline correction tool built into the Nicolet Omnic # software. The O-H absorption intensities (between 3700 and 3100 cm À1 for olivine, 3750 and 3000 cm À1 for clinopyroxene, and 3750 and 2800 cm À1 for orthopyroxene) were then determined by integrating the area under the baseline-corrected absorbance curves.
[12] Absorbances were converted to water contents (ppm by weight of H 2 O) using the Beer-Lambert law in the form C H 2 O = A i /m i , where A i = A a + A b + A g is the total absorbance (cm À2 ) (A a , A b and A g correspond to the integrated absorbance in the E//a, E//b and E//g directions, respectively: see Tables 2, 3 , and 4 for values of A a , A b and A g ) and m i is the molar absorption coefficient (ppm À1 cmÀ2) of 5.3 for olivine, 7.09 for clinopyroxene and 14.84 for orthopyroxene [Bell et al., 1995 [Bell et al., , 2003 . When not enough suitably oriented grains are available (which was often the case for clinopyroxene and occasionally for orthopyroxene due to their rarities), either A a or A b was calculated using the A a /A b of samples from the same group or by assuming A a $ A b (see Table 1 for details). Such approximations are justified by the fact that pyroxenes often have similar absorptions along the a and b directions [Bell et al., 1995; Peslier et al., 2002; Skogby et al., 1990] .
[13] Uncertainty in grain orientations is estimated to be ±5°, which converts to $±5% uncertainties in measured water contents. Uncertainty on grain thickness measurements is ±2%. Baseline correction was carried out using subjective identification of the baseline, so quantification of the uncertainty is somewhat ambiguous. However, by comparing net absorbances of repeated baseline corrections on a given spectrum, we estimate the baseline correction uncertainty to be ±5% for olivine from all sample localities except for San Carlos. The low water contents in San Carlos olivines resulted in very low O-H absorbances, which are only slightly distinguishable from background ( Figure 2) ; the resulting uncertainty from baseline correction for San Carlos olivines was thus ±20%. For the pyroxenes, the estimated uncertainties associated with baseline correction, serpentine peak subtraction (manually subtracting O-H peaks caused by serpentine, refer to discussion in section 5.2 and Table 3 for details) and the estimation of unmeasured absorbance (refer to Table 1) add up to ±10% of net absorbance. Adding the reported uncertainties in the IR calibrations (6% for olivine [Bell et al., 2003 ] and 10 to 20% for the pyroxenes [Bell et al., 1995] ), the total uncertainties on water contents are estimated to be ±12% (1s) (for non-San Carlos samples) and ±20% (1s) (for San Carlos samples) for olivine and ±15 to 25% (1s) for orthopyroxene and clinopyroxene (calculated using the ''addition in quadrature'' error propagation method [Taylor, 1997] ). The accuracy of our measurements was confirmed by good agreement between our water measurements on previously studied samples (KBH-1 from Bell et al. [1995] ; BCN201B from Peslier and Luhr [2006] ) and the reported values in the literature (Table 1) .
Electron Microprobe Analysis
[14] Major and minor element compositions of olivine, clinopyroxene, orthopyroxene and garnet (mineral modes estimated by point counting are listed in Table 1 ) were analyzed at the University of Houston using an electron microprobe (JEOL JXA-8600) with an accelerating voltage of 15 kV and a beam current of 30 nA. The counting time was set to be 50 s for most elements. For each mineral phase, core to rim compositions of 3 to 5 mineral grains Figure 2 . Polarized IR absorption spectra for olivine (ol) normalized to 1 cm thickness; spectra for different orientations (a, b, and g) are offset for clarity. Sample names (sample name-ol) are shown at the top right corner of each panel.
were measured (>4 measurements per grain). For major elements (>1 wt. %), the accuracy and precision of measurements are better than 1%.
Results
Mineral Chemistries and Thermobarometry
[15] Other than exsolution lamellae of clinopyroxene in orthopyroxene from one Dish Hill sample (DH98 -30) and the corona textures of garnet from the 2 Navajo xenoliths, no obvious intra or intergranular heterogeneities were observed (refer to standard deviations in Table 5 ). Mineral chemistries (grain averaged) from electron microprobe analyses are listed in Table 5 (clinopyroxene lamella and garnet corona compositions are not included). Mg # (100 Â Mg/(Mg+Fe) in molar compositions) of olivines range from 90.6 to 92.2 for Navajo, 90.0 to 91.6 for Grand Canyon, 89.7 to 90.5 for Dish Hill, and $89.4 for San Carlos (based on sample SC99 -2).
[16] Pyroxene and garnet mineral chemistries were used to calculate temperatures and pressures of equilibration. For spinel peridotites, temperatures were estimated using the two pyroxene thermometers of Wells [1977] and (for the latter, 1.5 GPa was assumed) ( Table 6 ). For the two garnet peridotites (TH3 and TH4), pressures and temperatures of equilibration were simultaneously estimated (Table 6 ) using the two-pyroxene thermometers and the barometer of , which is based on Al in orthopyroxene coexisting with garnet. Temperatures were also estimated on the basis of Ca content in orthopyroxene using the calibration of (assuming 1.5 GPa when garnet is missing) and listed in Table 6 for comparison. Despite discrepancies in temperatures estimated by different thermometers, xenoliths from the center of the Colorado Plateau and San Carlos consistently record higher equilibration temperatures ($950 to 1200°C) than those from the southern Basin and Range ($850 to 1050°C) and the west margin of the plateau ($600 to 950°C) (Table 6 ). Equilibration pressures calculated for the 2 garnet peridotites TH3 and TH4 are $3.5 and 3.7 GPa, respectively (Table 6 ).
FTIR Results
[17] Selected spectra of O-H absorbances for olivine, clinopyroxene, and orthopyroxene are plotted in Figures 2, 3, and 4, respectively. For olivine, O-H absorption bands are mainly restricted to band group I, 3450 to 3650 cm À1 [Bai and Kohlstedt, 1993] . Group II bands between 3200 and 3450 cm À1 [Bai and Kohlstedt, 1993] are also occasionally observed but with much lower intensities (Figure 2 ). Spectra for clinopyroxenes ( Figure 3 ) and orthopyroxenes ( Figure 4) show O-H absorptions at similar wave numbers as reported by Bell et al. [1995] . Absorption peaks associated with serpentine minerals [Miller et al., 1987; Mosenfelder et al., 2006] are present at $3680 cm À1 in spectra of clinopyroxenes and orthopyroxenes (of lower intensities) from Navajo xenoliths (TH, Figures 3 and 4) . From these spectra, water contents were calculated to be 11 to 13 ppm in olivine, 539 to 550 ppm in clinopyroxene, and 164 to 235 ppm in orthopyroxene for samples from Dish Hill (DH); 11 to 16 ppm in olivine, 439 to 559 ppm in clinopyroxene, and 326 to 388 ppm in orthopyroxene for GC group from Grand Canyon; 12 to 30 ppm in olivine, 572 ppm in clinopyroxene, and 402 to 377 ppm in orthopyroxene for LVT group from Grand Canyon; 2 to 4 ppm in olivine, 171 to 178 ppm ), absorbances with the polarization direction parallel to a, b, and g, respectively. ''Off'' indicates the orientation of the thin section is slightly off from the given optical direction (such as On, Bxa, or Bxo).
b Serpentine peaks were subtracted. The measured compositions (in wt % oxide) and the corresponding standard deviations (1s) are given for each sample.
in clinopyroxene, and 53 to 82 ppm in orthopyroxene for xenoliths from San Carlos (SC); and 15 to 45 ppm in olivine, 793 to 957 ppm in clinopyroxene, and 274 to 303 ppm in orthopyroxene for xenoliths from Navajo (TH) ( Table 1 ). The following maximum intragrain heterogeneities (the contrasts between core and rim) were found in olivine water contents for all but San Carlos (SC) xenoliths: $40% for DH, $40% for GC, $60% for LVT, and $20% for TH. The maximum intergrain heterogeneities in olivine water contents (based on the cores of different mineral grains) are: $3% for DH, $14% for GC, $7% for LVT, $22% for SC, and $38% for TH.
[18] No intragrain heterogeneities (e.g., zonation) in water contents were found in either clinopyroxene or orthopyroxene, and the intergrain heterogeneities are in general subtle (<10% in most cases) for orthopyroxene. Not enough measurements are available for clinopyroxene (due to its rarity) to assess the intergrain heterogeneities. In Figures 5a and 5b, the above listed water contents, representing the highest measured values when intergrain heterogeneities occurred, were further compared to water contents in alkali basalt-hosted mantle xenoliths from other regions: Kilbourne Hole, New Mexico [Grant et al., 2007a] ; Washington [Peslier et al., 2002; Peslier and Luhr, 2006] ; Chile [Demouchy et al., 2006] ; and Mexico [Peslier et al., 2002; Peslier and Luhr, 2006] . With the exception of San Carlos (SC), most of our samples have higher water contents than these localities.
Discussion
Depleted Lithospheric Mantle Beneath the Colorado Plateau
[19] Olivine Mg # calculated on the basis of microprobe measurements (Table 5) ranges from 90 to 92.2 for xenoliths from the Colorado Plateau (Grand Canyon and Navajo) and from 89.4 to 90.5 for xenoliths off the Colorado Plateau (San Carlos and Dish Hill). The spatial variations in olivine Mg # are consistent with results of previous studies suggesting that the Colorado Plateau has a more depleted mantle root than its surroundings [Lee et al., 2001b; Smith, 2000] . The high orthopyroxene modes and the presence of resorbed olivine inclusions as documented in Grand Canyon xenoliths (the GC group, Table 1) were also reported by Smith et al. [1999] in their study of xenoliths from the Colorado Plateau and were interpreted as products of orthopyroxene growth during water-rock interactions due to aqueous fluid infiltration into the mantle wedge on the dehydration of the subducting Farallon slab during late Mesozoic to early Cenozoic.
Representativeness of Water Content in Xenoliths
[20] Measurements of water in mantle xenoliths provide a direct way to probe the water content in the lithospheric mantle provided that the water in mantle xenoliths is not changed during magma ascent or surface exposure. We discuss each of these provisions below.
On the Disturbance of Water Content During Postemplacement Weathering
[21] The extrapolation of experimental diffusion data [Woods et al., 2000; Hercule and Ingrin, 1999; Ingrin et al., 1995; Mackwell and Kohlstedt, 1990; Stalder and Skogby, 2003 ] to surface P-T conditions indicates that after emplacement hydrogen diffusion in NAMs is extremely slow and thus no significant water exchange between xenoliths and the environment can occur over reasonable geologic timescales. Consequently, diffusive contamination from meteoric water during weathering processes is unlikely to penetrate deeply beyond grain boundary zones. We also note that the calculated water solubilities in NAMs by extrapolating the solubility equation given by to surface P-T conditions are much lower than the water contents measured in our study. Chemical reactions, however, can still result from reaction of water of meteoric origin with NAMs, generating new hydrous phases on grain boundaries. Although we picked alteration-free mineral grains to the best of our ability, one exception is in Navajo xenoliths where intact clinopyroxene and orthopyroxene grains were scarce and small so that microfractures were sometimes unavoidable during FTIR analysis. In such samples, absorption peaks at $3680 cm À1 associated with the presences of submicroscopic serpentine minerals [Miller et al., 1987; Mosenfelder et al., 2006] were occasionally observed in the spectra (Figure 3) . These serpentine bands, however, were carefully excluded from integration by manually subtracting the serpentine peaks during baseline correction.
Issue of Water Loss/Gain During Magma Ascent
[22] The entrainment of mantle xenoliths by ascending magma can be accompanied by water exchange between mantle xenoliths and the host magma due to the rapid diffusion of hydrogen in NAMs at elevated temperature as predicted by hydrogen diffusion experiments [e.g., Mackwell and Kohlstedt, 1990] . The entrainment process, however, is typically accompanied by water loss from xenoliths rather than water gain. Water loss is often manifested by H diffusion profiles across mineral grains, a phenomenon so far having only been observed in olivines [e.g., Demouchy et al., 2006; Peslier and Luhr, 2006] . Diffusive water loss may be caused by the fact that the ; P BKN , pressure calculated on the basis of Al in orthopyroxene coexisting with garnet according to . b Equilibrium pressure of 1.5 GPa is used when garnet is not present.
transporting magma is generally undersaturated in water and the solubility of water in NAMs (except for Al-saturated enstatite [Mierdel et al., 2007] ) decreases substantially with decreasing pressure [Bai and Kohlstedt, 1992; Woods et al., 2000; Demouchy et al., 2006; Hercule and Ingrin, 1999; Ingrin et al., 1995; Ingrin and Skogby, 2000; Mackwell and Kohlstedt, 1990; Peslier and Luhr, 2006; Stalder and Skogby, 2003] . Apart from San Carlos, all xenoliths (particularly those from the Colorado Plateau) are exceptionally enriched in water compared to mantle xenoliths derived from other localities of similar tectonic settings, including Kilbourne Hole, New Mexico [Grant et al., 2007a] ; Washington [Peslier et al., 2002; Peslier and Luhr, 2006] ; Chile [Demouchy et al., 2006] ; and Mexico [Peslier et al., 2002; Peslier and Luhr, 2006] (Figures 5a and 5b) . Also plotted in Figures 5a and 5b are lines representing equilibrium ratios of water between olivine and pyroxene based on experimentally determined water partition coefficients of Aubaud et al. [2004] and the revised values according to the new FTIR-SIMS calibrations in Aubaud et al. [2007] . The deviation to low values of measured water contents in olivine from that predicted by equilibrium partitioning suggests that some water might have been preferentially lost from olivine compared to pyroxene in most xenoliths samples (Figure 5a ). This is also illustrated by comparing the measured water contents in olivine with those calculated to be in equilibrium with the measured clinopyroxene and orthopyroxene water contents using various partition coefficients from the literature [Aubaud et al., 2004 [Aubaud et al., , 2007 Grant et al., 2007b] (Figures 6a, 6b, and 6c) . [23] Water loss from olivine was further indicated by the observation that the majority of analyzed olivines show zonation ( Figure 7 and Table 7) , with decreasing water content (as indicated by O-H absorption) toward the rims, consistent with water loss during transport via hydrogen diffusion. Such diffusive loss is likely due either to a drop in fluid pressure (and thus solubility of water in olivine) during magma ascent or to partitioning of water into the magma [Kohlstedt and Mackwell, 1998; Mackwell and Kohlstedt, 1990] . Experimental studies have quantified two water-loss mechanisms in olivine. One involves a rapid initial loss of some hydrogen due to proton-polaron exchange in which protons are lost from the mineral and the ferric-ferrous iron ratio increases; this is rate limited by self-diffusion of hydrogen. A second scenario involves a slower process where defect associates comprising protons and metal vacancies are lost; this is rate limited by the diffusion of the metal vacancies [Kohlstedt and Mackwell, 1998 ]. The first mechanism allows only partial dehydration, as olivine can only accommodate a small percentage of iron as ferric. Thus, while some hydrogen may be lost rapidly, complete loss of water requires the second mechanism, which is consistent with the observation of hydroxyl retained in olivines in xenoliths. The first mechanism is also operative in pyroxenes, while the latter mechanism, though likely, has yet to be quantified.
Minimum Estimate of Prexenolith Entrainment Water Contents and Comparison to Mid-ocean Ridge Basalt and Ocean Island Basalt Mantle Sources
[24] In order to determine preeruptive or preentrainment water contents of the mantle xenoliths, the amount of water Figure 4 . Polarized IR absorption spectra for orthopyroxene (opx). Normalized to 1 cm thickness and offset for clarity. Polarization directions (a, b, and g) are labeled above each spectrum and sample names (sample name-opx) are shown at the top right corner of each panel.
loss during magma ascent needs to be determined, but so far there are no reliable means of doing so. We therefore consider the measured mineral water contents (Figures 5a  and 5b and Table 1 ) to represent minimum estimates of the prexenolith entrainment water contents. We have reconstructed the whole rock water contents using our measured values and they should also be taken as minimum estimates (Table 1) .
[25] To put the measured xenolith water contents into context, we have plotted the olivine water contents (the average value) for each sample locality along with the inferred water contents for olivines in equilibrium with the mid-ocean ridge basalt (MORB) mantle sources ($7 to 27 ppm H 2 O) and the ocean island basalt (OIB) mantle sources ($40 to 133 ppm H 2 O) ( Figure 1) . As we will discuss later, our choice of using olivine rests on the assumption that mantle rheology is controlled primarily by olivine. The water content for olivines in equilibrium with the MORB mantle source were calculated from the estimated whole rock water contents of $50-200 ppm H 2 O for the MORB source [Danyushevsky et al., 2000; Dixon et al., 2002; Hirschmann, 2006; Michael, 1988; Saal et al., 2002; Simons et al., 2002] Aubaud et al. [2007] ) indicate that all but San Carlos xenoliths analyzed in our study have olivine water contents as high as or higher than that estimated for various asthenospheric mantle sources ( Figure  1 ). The highest water contents were found in the Navajo (TH) xenoliths from the Colorado Plateau, which plot beyond the higher end of the inferred water content for the MORB source (Figure 1 ).
How Representative of the Lithosphere Are Our Water Measurements?
[26] An important question is whether the high water contents measured here are representative of the lithospheric mantle or whether they are associated with xenoliths derived from a narrow zone in or at the base of the lithosphere. For those xenoliths from the Colorado Plateau, thermobarometry on the garnet-peridotites indicate depth ranges up to $140 km (Figure 8b ). These xenoliths give equilibration temperatures of $1200°C, which indicates that they are well within the lithosphere and that the base of the lithosphere is at greater depths.
[27] Although the pressures of equilibration for garnetfree peridotites cannot be calculated, a rough estimate can be determined from the depths corresponding to their temperatures and the xenolith geotherm. Equilibration temperatures for the spinel peridotites (TH, GC and LVT groups) range from $800 to 1000°C (T BKN in Table 6 ; note that we excluded four anomalously low temperatures be- cause of lack of agreement between the different thermometers), which corresponds to a depth range between 70 to 90 km (Figure 8b ). This combined with the depth range of the garnet peridotites indicates that Colorado Plateau xenoliths derive from depths between $70 and 140 km. Taking the geotherm that passes through the P-T points of our xenoliths and those from previous studies for the Colorado Plateau, we find that the lithosphere at the time these xenoliths were sampled (30 -40 Ma) was >150 km thick (Figure 8b ). Because all of the samples have high relatively high water contents, the implication is that the hydrated nature of the lithosphere is possibly pervasive, at least on a vertical scale.
[28] The next section discusses possible hypotheses for the origin of these high water contents. Such high water contents are intriguing because the high Mg # in olivine and low clinopyroxene mode of many of the xenoliths represent clear evidence that they have experienced significant melt depletion (>10%). Because water behaves incompatibly during melting [e.g., Dixon et al., 1988; Michael, 1995 Michael, , 1988 , we would have expected these xenoliths to have been initially dry.
Rehydration of North American Lithosphere 5.3.1. A Case for Recent Rehydration
[29] Has the western North American lithospheric mantle been wet since its stabilization? The elevated water contents in our xenoliths seem to be inconsistent with their meltdepleted nature as indicated by their high olivine Mg # (mostly between $90 and 92). In fact, the most depleted lithospheric mantle underlies the central Colorado Plateau and yet its xenoliths (Mg #s $ 91 to 92) appear to be the wettest ($45 ppm H 2 O in olivines). The high water content of the Colorado Plateau lithospheric mantle, as recorded in mantle xenoliths, is also inconsistent with its preservation as a thick lithosphere for billion year timescales because a wet lithospheric mantle is not rheologically strong enough to resist asthenospheric flow (see below). The alternative hypothesis is that the North American lithospheric mantle, particularly that beneath the tectonically quiescent Colorado Plateau, has recently been rehydrated. A number of investigators have suggested that much of the lithospheric mantle beneath western North America could have been hydrated by fluids released during prograde metamorphism from a shallowly subducting Farallon plate between $80 and 35 Ma [English et al., 2003; Humphreys et al., 2003; Lee, 2005; Smith, 1995; Smith et al., 1999 Smith et al., , 2004 Smith and Griffin, 2005] . The requirements of this hypothesis are twofold: first, there must be enough water in the Farallon slab to serve as a source of fluids, and second, enough of this water must be retained long enough in the slab to reach distances of $800 km inboard from the trench. A number of studies now suggest that extensive portions of subducting oceanic slab may be serpentinized [Lee and Chen, 2007; Li and Lee, 2006; Ranero et al., 2003] . Faults, fracture zones, and cracks provide ready conduits for the introduction of seawater deep into oceanic lithosphere, resulting in hydrothermally altered zones around the cracks. While the depth to which water can penetrate is a question of debate, it has been suggested that serpentinization can extend as deep as $40 km in relatively old and cold lithosphere [Li and Lee, 2006] . Indeed, the Farallon slab at the trench $80 Ma ago was old (>50 Ma [Engebretson et al., 1985; English et al., 2003] ), which means that the thermal state was sufficiently cool to permit extensive serpentinization. Thermal modeling of the flat subducting Farallon slab indicate that the slab surface will dehydrate first while the slab interior (e.g., the serpentinized core of the slab) will heat up more slowly so that dehydration of the interior serpentinite is delayed long enough for water to be transported $800 km inboard of the trench, far enough to reach the Colorado Plateau [English et al., 2003] .
Xenolith Petrology and Trace Element Arguments for the Rehydration Hypothesis
[30] Rehydration of the Colorado Plateau lithospheric mantle was inferred from detailed petrologic studies of xenoliths. For example, some plateau mantle xenoliths have excess orthopyroxene or chlorite, best explained by the passage of silica-rich fluids [Smith, 1995] . In addition, garnetite xenoliths found on the central Colorado Plateau have been suggested to represent the products of rodingitelike mantle metasomatism with the fluids derived from dehydration of serpentine [Smith and Griffin, 2005] . Xenolith trace element data are also consistent with this hypothesis. Progressing inboard from the west coast toward the Colorado Plateau, Lee [2005] noted that the trace element signature of metasomatic fluids evolves with distance. Close to the trench (e.g., beneath the extinct Sierran arc), mantle xenoliths are enriched in the fluid-mobile elements, Sr, Pb, U, Ba, and Cs, but not in fluid immobile elements, such as the rare earth elements (REEs) and the high field strength elements (HFSEs = Nb, Ta, Zr, Hf). This suggests that near the trench temperatures were not high enough to cause significant silicate melting, which would have released the REEs and HFSEs.
[31] In contrast, although the Navajo mantle xenoliths from the Colorado Plateau are also enriched in fluid-mobile elements, they are unlike the near-trench xenoliths as they are enriched in Pb, U, Ba, and Cs, but not Sr [Lee, 2005] . They are also enriched in the light REEs (LREEs) and HFSEs although La is still more enriched than Nb resulting in the low Nb/La ratios attributed to subduction-related fluids [Lee, 2005] . Interestingly Sr is depleted compared to the middle REEs (in the near trench xenoliths, there is positive Sr anomaly) [Lee, 2005] . Lee [2005] suggested that the plateau xenoliths have been metasomatized by a hydrous melt from the basaltic oceanic crust that had been previously dehydrated of its fluid-mobile elements near the trench. In such a scenario, fluids released from the serpentinite core of the slab rise up through the already dehydrated oceanic crust causing partial melting. The trace element signature of the resulting hydrous melt inherits the serpentinite signature and that of the dehydrated basalt. Thus, the REEs and HFSEs derive from the basalt, whereas the fluidmobile elements derive from the serpentinized core of the slab. Recent studies of serpentinites indicate enrichments in Figure 7 . FTIR spectra across an olivine grain from xenolith LVT-2. The profile was collected from edge to edge along the [100] axis (with E//[100]) at 150 mm interval. Spectra are normalized to 1 cm thickness and baseline corrected.
these same fluid-mobile elements with the exception of Sr [Li and Lee, 2006] . As a result, serpentinizing fluids do not contribute Sr to the dehydrating fluids and the resultant hydrous melt inherits the negative Sr anomaly of the basalt. All of these observations suggest that much of the North American lithosphere as far eastward as the Colorado Plateau was metasomatized and that the metasomatizing agent was likely a fluid (or hydrous melt) from beneath the Colorado Plateau.
Timing Arguments for the Rehydration Hypothesis
[32] When did such metasomatism occur? The flat subduction of the Farallon plate beneath the North America occurred between $80 to 35 Ma [English et al., 2003; Humphreys et al., 2003; Lee, 2005; Smith, 1995; Smith et al., 1999 Smith et al., , 2004 Smith and Griffin, 2005] . U-Pb ages of zircons from metasomatic veins in Colorado Plateau lithospheric mantle range from $80 to 65 Ma [Smith and Griffin, 2005] . Moreover, the evolution of the trace element signature with distance from the trench associated with fluids coming off of a slab undergoing prograde metasomatism suggests that the metasomatic events beneath the Colorado Plateau and the Sierra Nevada may be related to the same subduction system. Collectively, these observations provide circumstantial evidence that subduction of the Farallon plate during the late Cretaceous through early Cenozoic may have hydrated the North American lithosphere.
A Wet North American Lithosphere
[33] The water contents measured in our xenoliths collected across western North America provide direct evidence that the lithosphere beneath the Colorado Plateau is now wet. Together with petrologic and geochemical data described above, a strong case for Cenozoic rehydration of North American lithosphere can be made, but a perplexing feature of our water data is that the central part of the plateau appears to have higher water contents than regions to the west (Dish Hill and Grand Canyon) (Figure 1) , apparently contradicting the general notion that water release should decrease with distance from the trench [Kelly et al., 2006] . In other words, more water should have been introduced into the lithospheric mantle beneath the Basin and Range than beneath the central Colorado Plateau (Figure 1) . However, postsubduction tectonic environment in western North America may have altered the subduction imprints. The physiographic region known as the Basin and Range has undergone significant mid to late Cenozoic extension [Wernicke, 1992] which likely resulted in decompression melting of the base of the lithosphere and the underlying asthenosphere [Daley and DePaolo, 1992; Wang et al., 2002] . Such melting could have extracted (''redepleted'') some or all of the subduction-introduced water in the lithosphere. The mid-Cenozoic ignimbrite flareup in the region now underlain by the Basin and Range could have been the manifestation of melting the hydrated lithospheric mantle [Humphreys et al., 2003; Lipman, 1992] . In contrast, the extent of lithospheric thinning beneath the Colorado Plateau was apparently less than that beneath the Basin and Range [Wernicke, 1992] , resulting in less decompressional melting. This would allow subduction-introduced water and trace elements to be better retained beneath the plateau. LVT- 2  0  1 5  150  21  300  25  450  28  600  29  750  26  900  24  1050  19  1200  16   TH1  0  5 1  150  60  350  60  550  60  750  49   TH2  0  137  100  143  400  156  700  148  1000  137   TH3  0  7 9  150  80  300  85  450  86  600  88  750  86  900  86  1050  83  1200  83 a D, distance (mm) measured from edge to edge of given grain along the [100] direction; Ag (cm À2 ), absorbance with the polarization direction parallel to g.
On the Effect of Water on Lithospheric Mantle Rheology
[34] The implications of rehydrating continental lithospheric mantle for the dynamic evolution of the deep lithosphere beneath the Colorado Plateau are discussed in 2 parts: 1) the role of water in controlling the rheology of olivine, the dominant mineral (>60%) in the upper mantle, and 2) the effective viscosity change of the lithospheric mantle beneath the Colorado Plateau after rehydration, which is constrained by the combination of an updated parameterization of the effect of water on the olivine flow law with estimates of the thermal state of the plateau lithosphere.
Creep Behavior of Olivine
[35] Most studies of mantle rheology have focused on olivine, the dominant mineral in the upper mantle [Hirth and Kohlstedt, 1996; Hirth and Kohlstedt, 2004; Karato and Wu, 1993; Kohlstedt et al., 1995] . The flow law for dislocation creep of olivine aggregates is given by Mei and Kohlstedt [2000] as
where A cre , n 1 , and r are experimentally determined constants; _ e and t are shear strain rate and shear stress; Q and V cre are the activation energy and activation volume for dislocation creep of olivine; and P, T, and R are pressure, temperature, and the universal gas constant, respectively. The water fugacity f H 2 O was introduced to account for the effect of water on viscosity [Mei and Kohlstedt, 2000] . Water fugacity is a thermodynamic parameter that describes the activity of water in a given system (at low pressures, this converges to the partial pressure of water) and is hence a function of temperature and pressure in addition to the water content of the system. During rock deformation experiments, water fugacity is generally adjusted by changing the confining pressure under water-saturated run conditions. Controlling olivine water contents in undersaturated conditions is difficult in experiments, and measuring water contents on small experimental charges is challenging. Under saturated conditions, water fugacity is simply related to pressure and temperature by the equation of state (EOS) of water, making it convenient for experimentalists to constrain.
[36] Water fugacity, however, is not a convenient parameter for those interested in tracking water content in the mantle via petrologic studies or geodynamic models because the mantle is believed to be undersaturated in water [e.g., Hirschmann, 2006] . In undersaturated conditions, the water content of olivines can be measured, but the water fugacity must be calculated or inferred assuming thermodynamic equilibrium. A more applicable expression of equation (1) for geodynamicists and petrologists who study ) are calculated for a crustal thickness of 50 km and using the heat production distribution suggested by Rudnick et al. [1998] . The equilibration temperatures and pressures (T BKN and P BKN in Table 6 ) for the two garnet-bearing Navajo xenoliths (circles) are plotted together with literature P-T estimates for mantle xenoliths (squares) from the same area [Ehrenberg, 1982a] . Geotherm for Archean cratons (heat flow of 41 mW m -2 [Rudnick et al., 1998] ) is calculated for a crustal thickness of 41 km and using the same heat production distribution [Rudnick et al., 1998 ]. Water solubilities in olivines following the geotherms (surface heat flow of 55 mW m -2 is assumed for the Colorado Plateau) are calculated according to equation (2) with updated IR calibration [Bell et al., 2003] . Mantle adiabat corresponds to a mantle potential temperature of 1350°C [Asimow et al., 2001; Kinzler and Grove, 1992; McKenzie and Bickle, 1988; Presnall et al., 2002] and a gradient of 0.5°C km -1 [Fei, 1995; Navrotsky, 1995] . The arrows denote the depths at which the adiabat intersects the adopted geotherms. Shaded regions bracket the equilibrium temperatures (T BKN with anomalously low temperatures being dropped) and the corresponding depths (following the 55 mW m -2 geotherm) from which on-plateau spinelbearing xenoliths (TH, GC, and LVT groups) were derived. natural rocks is obtained by reformulating equation (1) in terms of water concentration C OH (atomic H/10 6 Si; this can be readily converted into ppm by weight H 2 O for known mineral composition) in olivines. The use of C OH instead of f H 2 O also makes sense as water is, in general, neither lost nor gained in the deep convective mantle system. While some exchange of water may occur between mineral species due to changes in partitioning coefficients with pressure and temperature, to a first order, the water contents of mineral grains are expected to remain relatively constant. If the regulation on creep behavior by water depends only on C OH , then the resulting parameterization of the term documenting the effect of water (to replace the f H 2 O term in equation (1) becomes general and should only depend on C OH . Following this line of reasoning, we turn to water solubility experiments run at water-saturated conditions [Bai and Kohlstedt, 1992; Kohlstedt et al., 1996] . At water saturation, the water content of olivine C OH (in H/10 6 Si) correlates with the water fugacity f H 2 O in the environment following the equation
where V hyd is the activation volume for H + incorporation into olivine, n 2 and the preexponential term A(T) hyd are experimentally determined . At first glance, combining equations (2) and (1) results in a modified form of the flow law, wherein f H 2 0 is substituted with a new term composed of C OH as well as P and T. However, doing so would violate the previous notion that if C OH remains constant the effect of water on creep behavior is constant regardless of changes in temperature and pressure. To avoid such complications, we chose to modify equation (1) by calculating the relationship between f H 2 O and C OH for the specific P-T conditions of the rheologic experiments of Mei and Kohlstedt [2000] . Using the values of A(T) hyd and V hyd (Table 8) constrained by solubility experiments at 1100°C , empirical C OH -f H 2 O relations at various temperatures (1100, 1250, and 1300°C) can be calibrated (Figure 8a , f H 2 O was calculated according to the equation of state (EOS) for water Sterner and Pitzer, 1994] ). The C OHf H 2 O relations remain very similar over this temperature range (Figure 8a ). Considering that the experimental temperatures used in parameterizing the flow law were mostly $1250°C [Mei and Kohlstedt, 2000] , the empirical
was used to convert f H 2 O to C OH in equation (1) (Figure 8a ) with c 0 = À7.9859, c 1 = 4.3559, c 2 = À0.5742. c 3 = 0.0337, and f H 2 O in MPa and C OH in H/10 6 Si. The parameters in equation (3) take into account the new FTIR calibrations of Bell et al. [2003] which correct for the systematic error associated with nonpolarized IR calibrations [Paterson, 1982] by multiplying nonpolarized determinations of water by a factor of 3.5. Inserting equation (3) into equation (1) 
Although this flow law was parameterized for temperatures around 1250°C, it should be broadly applicable to temperatures from around 1100 to at least 1400°C.
[37] Another way of expressing equation (4) is to incorporate solubility experiments (e.g., equation (2)) directly into the flow law (equation (1)). For example, using the solubility data of Zhao et al. [2004] , Hirth and Kohlstedt [2004] expressed with the flow law in terms of water content C OH by , and all other parameters are the same as those used in equation (4). For all intents and purposes, equation (4) and the updated version of equation (5) yield identical results (Figure 9d ).
Thermal Structure Beneath the Colorado Plateau
[38] In addition to water, pressure and temperature also play an important role in controlling viscosity (equation (4)). Consequently, the thermal state of the lithosphere needs to be known to fully constrain its rheology. Equilibration pressures (P BKN in Table 6 ) and temperatures (T BKN in Table 6 ) of mantle xenoliths from the Colorado Plateau [Ehrenberg, 1982b;  this study] as constrained by thermobarometry are plotted in Figure 8b , as well as model steady state geotherms for different surface heat flows using the distribution of radioactive heat generation suggested by Rudnick et al. [1998] . The model geotherms that best fit the thermobarometric data fall between 50 and 60 mW m -2 , which is consistent with the measured surface heat flows in the region [Lee et al., 2001b; Sass et al., 1994; Smith and Griffin, 2005] . Because model geotherms depend strongly on the distribution of heat production, which is poorly constrained, there is no unique model geotherm for a given Values at 1100°C .
surface heat flow, hence the consistency observed between model and observation may in part be fortuitous. Nevertheless, for our purpose, it is sufficient to simply pick the curve that best fits the xenolith data and use it as an approximation of the thermal state of the lithosphere. The thickness of the lithosphere is estimated by extrapolating this geotherm to higher temperatures until it intersects with the mantle adiabat assumed to represent the base of the lithosphere (assuming an average mantle potential temperature of 1350°C). For comparison, a representative geotherm for Archean cratons calculated in similar way was also plotted (Figure 8b ), which was constructed by fitting to xenolith thermobarometric data and a surface heat flow of 41 mW m -2 [Rudnick et al., 1998 ]. Water solubility (in olivine) curves ( Figure 8b) were compiled using the geotherms of both the Colorado Plateau (taking surface heat flow of 55 mW m -2 ) and Archean Cratons, A(T) hyd and V hyd (Table 8) given by Kohlstedt et al. [1996] , and f H 2 O according to Pitzer and Sterner [1994] and Sterner and Pitzer [1994] . The horizontal shaded region in Figure 8b roughly represents the depths of which those on-plateau xenoliths (TH, GC, and LVT groups) were derived on the basis of their equilibration temperatures T BKN ($600 to 1200°C, Table 6 ) and following the 55 mW m -2 geotherm.
Effective Viscosities Beneath the Plateau
[39] Combined with water contents in olivines of mantle xenoliths ( Figure 1 ) and geotherms plotted in Figure 8b , equation (4) was used to calculate the shear strain rates _ e of the lithospheric mantle beneath the Colorado Plateau at various shear stresses, 0.1, 0.3 and 1 MPa [Hirth and Kohlstedt, 2004] (Figure 9a ). The effective viscosities h eff , defined as h eff = t/_ e, were then plotted in Figure 9b along with the estimated viscosity for the asthenosphere, $10 18 to 10 19 Pa s [Craig and McKenzie, 1986; Kohlstedt, 1996, 2004; Karato, 1993; Melosh, 1976] (Figure 9b ). In Figures 9a and 9b , 30 ppm H 2 O (the highest water content in olivine from the western margin of the Colorado Plateau) was assigned to the lithospheric mantle. For a constant water content, the strain rate at given depth increases with increasing stress whereas the effective viscosity decreases (Figures 9a and 9b ). For comparison, we have also calculated the strain rates and equivalent effective viscosities for typical Archean cratons using the geotherm in Figure 8b and assuming 30 ppm H 2 O (Figures 10a and 10b ). The differences in strain rates and effective viscosities between the Colorado Plateau (Figures 9a and 9b ) and typical Archean cratons (Figures 10a and 10b ) largely reflect the differences in their thermal structures as shown by Figure 8b .
[40] To evaluate the effect of water on viscosity, similar calculations were done assuming constant background shear stress (0.3 MPa) but varying the water contents (Figure 9c and 9d) for the Colorado Plateau and Figures 10c and 10d for Archean cratons). A maximum value for viscosity was determined by considering a dry lithosphere (we used $10 ppm H 2 O, corresponding to $150 H/10 6 Si atoms, to represent a dry lithosphere [Hirth and Kohlstedt, 2004; Mei and Kohlstedt, 2000] ). A minimum for the viscosity was calculated at water-saturated conditions, with water solubility and thermal state taken from Figure 8b . If the average viscosity estimated for the asthenosphere ($5 Â 10 18 Pa s, the vertical lines in Figures 9b and 9d) were used to mark the lithosphere-asthenosphere boundary, our calculations predict that beneath the Colorado Plateau a dry lithosphere will extend to a depth of $120 km (Figure 9d ) comparing to $250 km beneath Archean cratons (Figure 10d ).
[41] The effect of adding $45 ppm H 2 O (the highest water content in olivine from the central Colorado Plateau, Figure 1 ) is to decrease the effective viscosity by around 1 order of magnitude at the base of the lithosphere for both the Colorado Plateau (at $120 km depth, Figure 9d ) and Archean cratons (at $250 km depth, Figure 10d ). Such decreases in viscosity translate into reductions in effective lithospheric thicknesses as illustrated along the line representing the average asthenospheric viscosity in Figures 9d  and 10d . Adding 45 ppm H 2 O (in olivine) results in a reduction of effective lithospheric thickness of $ 12 km and $30 km for the Colorado Plateau and Archean cratons, respectively. The original lithospheric thicknesses for the Colorado Plateau and Archean cratons being estimated at $120 km and 250 km respectively, rehydration alone could have resulted in $10% or more lithospheric thinning. In a cratonic lithosphere ($250 km thick) under water-saturated condition (without considering hydrous melting in this case), up to $100 km of lithospheric thinning can be achieved (Figure 10d) . Moreover, the extent of lithospheric thinning may be further enhanced after the weakened basal lithosphere (of viscosity <5 Â 10 18 Pa s say) is entrained by convective currents, which leads to the exposure of the asthenosphere to hydrated lithosphere at shallower depths. Repeating the above calculations using equation (5) [after Hirth and Kohlstedt, 2004] predicts identical lithospheric thinning effects as comparing to using equation (4) (Figure 9d ).
[42] In summary, strain rates, effective viscosities and thus effective lithospheric thicknesses for the lithospheric mantle depend on a combination of temperature, shear stress and water content. Only moderate hydration (addition of $45 ppm H 2 O into olivine) is needed to weaken the lithosphere and initiate lithospheric thinning. Up to $100 km of lithospheric thinning can be achieved underneath cratons when water-saturated conditions are assumed and hydrous melting is ignored.
Speculations
[43] The present lithospheric thicknesses as constrained by seismic studies are $50 to 60 km beneath the southern Basin and Range [West et al., 2004; Zandt et al., 1995] and $120 to 150 km beneath the Colorado Plateau [West et al., 2004] . The lithospheric thickness beneath the Great Plains (an undeformed part of the North American Craton), however, is estimated to be $200 km [West et al., 2004] . If we assume that much of the North American craton was originally thick (say, $200 km), extensive lithospheric thinning (>50 to 100 km) must have occurred beneath the Colorado Plateau and Basin and Range (note that the original thickness beneath the Basin and Range, while thicker than present, may not have been as thick as typical Archean cratons [Lee et al., 2001a] ). A number of hypotheses have been suggested to give rise to lithospheric thinning: (1) buoyancy-driven delamination [Bird, 1979; Jull and Kelemen, 2001; Kay and Kay, 1993; Moore et al., 2005; Poudjom Djomani et al., 2001; Schott and Schmeling, 1998 ], (2) basal erosion due to enhanced thermal and/or mechanical disruptions [Bird, 1984 [Bird, , 1988 Davies, 1994; Deng et al., 1998; Griffin et al., 1998; Menzies et al., 1993; Xu, 2001] , and (3) lithospheric extension [Wernicke et al., 1988] . In the case of the western North America, the flat subduction of the Farallon slab has been suggested to have truncated the overriding continental lithosphere [Bird, 1984 [Bird, , 1988 . The flat subduction of the Farallon slab, however, also introduced water into the North American lithospheric mantle [Humphreys et al., 2003; Lee, 2005; Smith et al., 1999; Smith, 2000; Smith et al., 2004; Smith and Griffin, 2005] . Our FTIR study confirms that the lithospheric mantle beneath the Colorado Plateau appears to be wetter than typical continental lithosphere and the ambient convecting mantle (the MORB source, Figure 1 ). We speculate that hydration-induced lithospheric thinning might have further modified the western North American lithosphere and thus, along with slab truncation [Bird, 1984 [Bird, , 1988 ] accounts for [Mei and Kohlstedt, 2000] ; 30 ppm and 45 ppm, the highest measured water contents in olivines from the Grand Canyon (western margin of the Colorado Plateau) and Navajo (central Colorado Plateau), respectively ( Figure 1) ; Sat, water-saturated condition, H 2 O contents are constrained by solubility curve in Figure 8b . (d) Effective viscosities h eff versus depth corresponding to C. Shaded regions in Figures 9b and 9d are the estimated viscosity range for the asthenosphere [Craig and McKenzie, 1986; Hirth and Kohlstedt, 1996; Hirth and Kohlstedt, 2004; Karato, 1993; Melosh, 1976] with an average of 5 Â 10 18 Pa s (the vertical lines). For comparison, calculations using equation (5) [after Hirth and Kohlstedt, 2004 ] for dry and 45 ppm H 2 O scenarios are plotted in Figure 9d as dotted gray curves. its present-day lithospheric structure. Because the effect of water on lithospheric thickness is magnified at greater depths and at higher water contents (Figures 9 and 10) , the hydration-induced lithospheric thinning inferred here for the western North America may have played a more significant role in modifying continents with thicker lithosphere, such as cratons. If so, subduction-induced hydration could lead to the weakening, thinning and eventual dissociation and recycling of cratons on a global scale.
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